There is growing evidence that stressors occurring during pregnancy can impair biological and behavioral responses to stress in the adult offspring. For instance, prenatal stress enhances emotional reactivity, anxiety, and depressive-like behaviors associated with a prolonged stress-induced corticosterone secretion and a reduction in hippocampal corticosteroid receptors. Among the neurotransmitters involved in these hormonal and behavioral responses, acetylcholine may play a critical role. However, it is unknown whether prenatal stressful events also may influence the development of cholinergic systems. In the present study, hippocampal acetylcholine was measured, by in vivo microdialysis, in both male and female adult prenatally stressed rats, under basal conditions, after a mild stress (saline injection) or after intracerebroventricular administration of corticotropin-releasing factor (CRF; 0.1 nM). No difference in basal release of acetylcholine was observed between control and prenatally stressed rats of both genders. Mild stress was found to increase hippocampal acetylcholine release to a greater extent in prenatally stressed rats than in controls. In males, the CRF-induced increase in hippocampal acetylcholine release was larger in prenatally stressed rats, as compared with controls, during the first hour after the injection and in females during the third hour after the injection. These data indicate that prenatal stress has long-term effects on the development of forebrain cholinergic systems. The augmented increase in hippocampal acetylcholine release after the mild stress and CRF injection in prenatally stressed rats may be involved in some of the hormonal and behavioral abnormalities found in prenatally stressed rats.
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Prenatal environment can influence an individual's development profoundly, inducing changes lasting into adulthood (Weinstock, 1997) . In humans, for example, the offspring of mothers experiencing stress during pregnancy have been reported to display long-term behavioral abnormalities (Stott, 1973; Shell, 1981; Meijer, 1985) . However, because of limitations inherent to research on humans, this phenomenon has been examined most extensively by using an animal model of prenatally stressed (PS) rats. Among the behavioral attributes of adult PS rats, increased "emotionality" (Thompson, 1957; Fride et al., 1986; Wakshlak and Weinstock, 1990) , "defensive behavior" (Takahashi et al., 1992) , and "anxiety" (Weinstock et al., 1988; Vallée et al., 1997) have been shown. On the other hand, associated with those behavioral changes, prenatal stress can induce long-term changes in various neurobiological systems, including the hypothalamopituitary -adrenal (HPA) axis, mediating an animal's hormonal response to stress. Indeed, increased basal and stress-induced plasma concentrations of adrenocorticotropin (ACTH) (McCormick et al., 1995) , prolongation of stress-induced corticosterone secretion (Weinstock et al., 1992; Maccari et al., 1995; McCormick et al., 1995) , and decreased binding capacity of hippocampal corticosteroid receptors (Maccari et al., 1995) have been reported in adult PS rats.
Prenatal stress also has been shown to affect various neurotransmitters, including serotonin (Peters, 1986 (Peters, , 1989 (Peters, , 1990 and catecholamines (Fride and Weinstock, 1989; Takahashi et al., 1992; Alonso et al., 1994) . Another neurotransmitter system possibly involved in the mediation of prenatal stress-induced abnormalities is the septohippocampal cholinergic system. Given that several measures of activity in these neurons, including acetylcholine (ACh) release in the hippocampus, are increased by stress (Gilad, 1987; Imperato et al., 1991; Mark et al., 1996) and that cholinergic tone may be involved in emotional affect (Janowsky et al., 1994) , it could be hypothesized that prenatal stress-induced changes in this neurotransmitter system may underlie some of the behavioral and neuroendocrine abnormalities of PS rats, as outlined above.
Another central neurotransmitter deserving further characterization with regard to prenatal stress-induced changes is corticotropin-releasing factor (CRF); whereas the median eminence CRF content of adult PS rats is unchanged, as compared with control animals (Smythe et al., 1996) , prenatal stress has been reported to increase CRF content in amygdala (Cratty et al., 1995) , a structure known to modulate emotional responses to stress (Gallagher and Chiba, 1996) . Furthermore, CRF is known to act centrally to mediate stress-related behaviors (Menzaghi et al., 1993) , which are altered by prenatal stress. Interestingly, we have observed recently that intracerebroventricular administration of CRF stimulates hippocampally projecting cholinergic neurons in a dose-dependent manner (our unpublished observations), suggesting that changes in the interactions between those two neurotransmitter systems might be involved in the behavioral characteristics of PS rats.
E xperiments thus were undertaken to determine whether the CRF/ACh interaction indeed is altered by prenatal stress. To this end, the effects of intracerebroventricular (IC V) administration of CRF were assessed on hippocampal ACh release, using in vivo microdialysis in control and PS rats of both genders. In addition, the effects of a mild stressor (an IC V injection of saline) on hippocampal ACh release were measured in those rats.
MATERIALS AND METHODS

Prenatal stress procedure
Adult virgin Sprague Dawley female rats (Iffa Credo, Lyon, France) weighing 240 gm were group-housed (10 per cage) for 10 d to coordinate their estrous cycle and then individually housed for a whole estrous cycle (4 d) in the presence of a sexually experienced male Sprague Dawley rat weighing 400 gm. Pregnant rats then were assigned randomly to prenatal stress or control groups, individually housed in plastic breeding cages, allowed ad libitum access to food and water, and maintained on a constant 12:12 light /dark cycle (lights on: 8:00 A.M.-8:00 P.M.) at constant room temperature (23°C) and humidity (60%). Stress was performed each day of the last week of pregnancy until delivery; pregnant females were restrained individually in plastic transparent cylinders (7 cm in diameter and 19 cm long) and exposed to bright light for 45 min, three times a day, at 9:00 A.M., 12:00 P.M., and 5:00 P.M. Control pregnant females were left undisturbed in their home cages. Male and female offspring were weaned 21 d after birth and housed in same-sex groups of four until the experiments started at 3 months of age. Only nine litters of 8 -13 pups with similar numbers of males and females were kept for the study, all other litters having been eliminated to rule out extra stressors, such as removal of the pups. A maximum of two male and two female pups was used from each litter to remove any "litter effects" (Becker and Kowall, 1977; Chapman and Stern, 1979) .
E xperimental design
Transverse microdialysis probes were implanted into the dorsal hippocampi of prenatally stressed or control adult (male and female) rats. T wo days later, these rats underwent intracerebral microdialysis perf usion and were injected IC V with saline (0.9%), considered as a mild stressor, and 60 min later with 0.5 g /rat (0.1 nmol) of ovine CRF (oCRF; Sigma, Deisenhofen, Germany). oCRF was selected on the basis of its higher efficiency in stimulating hippocampal ACh release as compared to rat / human peptide (our unpublished observations).
Probe/guide cannula implantation surger y. Transverse dialysis probes were implanted stereotaxically into the dorsal hippocampi of anesthetized (pentobarbital 50 -60 mg / kg, i.p.) rats, using the coordinates anterior (A) Ϫ3.9 and ventral (V) Ϫ3.3 mm measured from bregma, with the incisor bar set at Ϫ3.3 mm to imitate the location depicted in the Paxinos and Watson atlas (1986) as A Ϫ4.3 and V Ϫ3.3. The dialysis probes were made of acrylonitrile -sodium methallyl sulfonate fiber (inner diameter, 220 m; outer diameter, 310 m; molecular weight cutoff Ͼ60,000 Dalton; Filtral AN69, Vancouver Hospital C anada) and had an active surface length of 6.8 mm. In addition, a 10-mm-long 23 gauge guide cannula was implanted into the cortex above the lateral ventricle [A at 0, lateral (L) at ϩ1.5 mm measured from bregma, and V at Ϫ2.5 mm measured from dura, with the incisor bar set at ϩ5.0 mm] such that the 30 gauge injection cannula used during the experiments, which extended 1.50 mm beyond the guide, would cross the corpus callosum to reach the ventricle. The probe inlet and outlet were closed with caps, and the guide cannula was blocked with a stylette. On completion of each experiment, the ability of a liquid to flow by gravity from the injection cannula into the ventricle was tested; then the animals were killed, and the IC V guide cannula location was verified f urther, along with that of the probe, using standard histological procedures.
ICV injection of saline (mild stressor). After 1 hr of ACh collection under basal conditions, a 30 gauge stainless steel injection cannula was inserted into the guide in a freely moving rat, and 0.5 l of saline was injected at 0.5 l/min by a 50 l Hamilton syringe driven by a syringe pump (BAS Bee). The saline was separated by a small bubble from the distilled water that filled the rest of the tubing. The cannula was left in place for 1 min after the end of the injection and thereafter was replaced by the stylette. Samples were collected every 10 min for 1 hr.
ICV injection of CR F. The frozen CRF stock solution (1 g/l) was thawed Ͻ30 min before administration, kept on ice, and drawn into an injection cannula built in the same way as that described for the saline injection. One hour after saline injection, 0.5 l of the CRF solution was injected at 0.5 l/min by a 50 l Hamilton syringe driven by a syringe pump (BAS Bee). The cannula was left in place for 1 min after the end of the injection and thereafter was replaced by the stylette. Samples were collected every 10 min for 4 hr.
Microdial ysis. Brain microdialysis was performed as described previously (Damsma and Westerink, 1991; Day and Fibiger, 1994) . Rats were housed in a Plexiglas cage (31 ϫ 32 ϫ 35 cm) to which they had been habituated overnight, with free access to food and water. The dialysis probe was perf used at 5 l /min, controlled by a syringe pump (BAS Bee). The syringe was connected to the probe inlet by polyethylene tubing (a length corresponding to 50 l) as was the probe outlet connected to the sample loop (50 l) of the analytical system. The sample valve (Rheodyne, Cotati, CA) was controlled by the internal programmable electronics of the analytical system (Antec, Leyden, The Netherlands; see below), and samples (50 l) were collected and injected at 10 min intervals. The perf usion solution was an artificial C SF and contained (in mM) 125 NaC l, 3 KC l, 1.3 C aC l 2 , 1.0 MgC l 2 , and 23 NaHC O in aqueous phosphate buffer (1 mM, pH 7.4). To recover detectable dialysate concentrations of ACh, we included a reversible acetylcholinesterase inhibitor (neostigmine bromide, 0.1 M; Sigma) in the perf usion solution. Thirty minutes of perf usion preceded the first sample collection to allow for equilibration of the brain with the perf usion solution.
Acet ylcholine assay. ACh was assayed by HPLC with electrochemical detection in conjunction with an enzyme reactor (Damsma et al., 1987; Damsma and Westerink, 1991) . ACh and choline were separated on a reverse-phase column (75 ϫ 2.1 mm) pretreated with lauryl sulfate. The eluate from this analytical column then passed through an enzyme reactor (10 ϫ 2.1 mm) containing acetylcholinesterase (EC 3.1.1.7; type V I-S, Sigma) and choline oxidase (1.1.3.17; Sigma) covalently bound to glutaraldehyde-activated Lichrosorb N H 2 (10 m; Merck, Darmstadt, Germany). The separated ACh and choline reacted to give a stoichiometric yield of hydrogen peroxide, which was detected electrochemically at a platinum electrode at a potential of ϩ500 mV versus an Ag /AgC l reference electrode (Antec). In the mobile phase, 0.2 M aqueous potassium phosphate buffer pH 8.0, containing 1 mM tetramethylammonium hydroxide, was delivered by a pump (Shimadzu LC -10AD) at 0.35-0.45 ml /min. The best detection limit of the assay is ϳ10 fmol /injection and averaged 50 fmol /injection during the experiments. The time required to complete a chromatogram was 4 -5 min.
Statistical anal yses. Biochemical data are presented first as averages of raw uncorrected dialysate ACh concentrations (in fmol /min). For statistical analysis of the effects of saline or CRF injections, data are calculated as absolute changes (in ⌬ fmol /min) from each animal's average baseline concentration, this baseline being defined as the average of the last four values preceding the corresponding injection.
ANOVA with repeated measures were used to test for differences between groups (control /prenatally stressed) in both basal and CRFinduced ACh concentrations. ANOVA yielding significant differences were subjected to Dunnett post hoc analysis. The dialysate concentrations of ACh in response to the saline injection were analyzed for group differences by Student's t test, using the first sample after injection.
RESULTS
A total of 24 rats in four different groups (control males, n ϭ 6; PS males, n ϭ 7; control females, n ϭ 5; PS females, n ϭ 6) were dialyzed. The effects of saline and CRF injections on ACh output (fmol/min) in males and females are depicted in Figure 1 , a and b, respectively.
Basal hippocampal ACh release in males
Prenatal stress did not modify basal concentrations of ACh, either before saline injection (group effect, F (1,11) ϭ 0.471, p ϭ 0.506; group ϫ time interaction, F (3,33) ϭ 0.918, p ϭ 0.443) or before CRF injection (group effect, F (1,11) ϭ 0.419, p ϭ 0.539; group ϫ time interaction, F (3,33) ϭ 0.542, p ϭ 0.657) in males (Fig. 1a) . The mean ACh output of all rats was 26.9 Ϯ 1.6 fmol/min before saline injection and 30.52 Ϯ 2.1 fmol /min before CRF injection. Pre-CRF ACh concentrations had a tendency to be higher than pre-saline ACh concentrations in both control and PS rats (F (1,11) ϭ 4.14, p ϭ 0.066), this difference being similar in both groups (group ϫ time interaction, F (1,11) ϭ 0.026, p ϭ 0.875).
Basal hippocampal ACh release in females
As in male rats, prenatal stress did not affect basal ACh concentrations, either before saline injection (group effect, F (1,9) ϭ 0.373, p ϭ 0.556; group ϫ time interaction, F (3,27) ϭ 0.568, p ϭ 0.640) or before CRF injection (group effect, F (1,9) ϭ 0.013, p ϭ 0.911; group ϫ time interaction, F (3,27) ϭ 0.679, p ϭ 0.572) in females (Fig. 1b) . The mean ACh output of all rats was 22.20 Ϯ 1.7 fmol /min before saline injection and 22.26 Ϯ 1.4 fmol/min before CRF injection. In contrast to males, there was no tendency for basal ACh concentrations before CRF injection to differ from those preceding saline injection (F (1,9) ϭ 0.02, p ϭ 0.889).
Hippocampal ACh release after a mild stress (e.g., saline injection)
Effects of IC V saline injection on hippocampal dialysate concentrations of ACh (⌬ fmol /min) in male and female adult offspring are shown in Figure 2 , a and b. Saline injection produced a greater transient increase in hippocampal ACh release in PS males than in control males (t ϭ Ϫ3.57, p ϭ 0.004; Fig. 2a) . A nonsignificant similar tendency was observed in PS females as compared with their controls (t ϭ Ϫ2.16, p ϭ 0.059; Fig. 2b ). Only PS rats responded significantly to this mild stress.
Hippocampal ACh release after CRF injection
ICV CRF increased hippocampal ACh release in all groups of rats, as shown in Figure 3 for males and in Figure 4 for females, to a much greater extent than did the saline injection. However, this increase was modified by prenatal stress in both males (group ϫ time interaction, F (23,253) ϭ 2.091, p ϭ 0.003) and females (group ϫ time interaction, F (23,207) ϭ 1.71, p ϭ 0.026) during the 4 hr after CRF injection. In males, prenatal stress increased CRF-induced ACh release over the first hour after the injection (Fig. 3 inset; F (1,11) ϭ 5.61, p ϭ 0.037), whereas in females the increase of the CRF-induced ACh release was seen over the third hour after CRF injection (Fig. 4 inset; F (1,9) ϭ 6.37, p ϭ 0.032).
No significant differences in basal values, in saline-induced, or in CRF-induced hippocampal ACh release were found between male and female control groups (comparisons not shown). CRF treatment also was noted to increase locomotion and grooming behavior in all rats (data not shown).
DISCUSSION
Results of these experiments demonstrate that prenatal stress increases hippocampal acetylcholine release induced by a mild stressor (saline injection). Furthermore, the CRF-induced increase in hippocampal ACh release was larger in PS rats, as compared with controls, during the first hour after CRF injection in males and during the third hour after injection in females. However, no changes in basal ACh release were observed between the groups. The lack of statistically significant difference in basal ACh release between the treatment groups is quite common in microdialysis experiments, mainly because of large interindividual differences in this measure, and does not exclude the possibility that prenatal stress may induce changes in the cholinergic system, which could appear, using other measures, in resting conditions.
The increased hippocampal ACh release in response to mild stress in PS groups is in agreement with previous experiments showing augmented stress-induced effects in PS rats, using both neuroendocrine (Maccari et al., 1995; Weinstock, 1997) and behavioral measures (Fride et al., 1986; Vallée et al., 1997) . Furthermore, the changes in the septohippocampal cholinergic system also could mediate the abnormalities in the activity of the HPA axis seen in PS rats, given that these cholinergic neurons may regulate the hippocampal glucocorticoid receptors (Yau et al., 1992; Alema et al., 1995) that are known to be involved in feedback inhibition of corticosterone secretion (McEwen et al., 1986; De Kloet and Reul, 1987) . Although prenatal stress already has been shown to induce changes in other neurotransmitters, such as noradrenaline (Peters, 1982; Takahashi et al., 1992) , dopamine (Alonso et al., 1994; Henry et al., 1995) , and serotonin (Peters, 1986 (Peters, , 1989 (Peters, , 1990 , this is the first report of an altered cholinergic f unctioning in PS rats. Given that CRF, the release of which occurs during various stressf ul events (Hauger et al., 1988; Owens and Nemeroff, 1991) , has been shown to enhance hippocampal ACh release (our unpublished observations) and that prenatal stress increases central CRF content (Cratty et al., 1995) , the increased release of ACh in PS rats reported here in response to the stress of a saline injection could result from a greater release or activity of CRF in these animals.
Prenatal stress augments the CRF-induced increase in hippocampal acetylcholine release, suggesting that the regulation of the hippocampal cholinergic system regulation by central CRF is sensitive to prenatal manipulations. We have shown previously that the CRF stimulation of hippocampal ACh release is independent of the CRF-induced corticosterone secretion and thus is centrally mediated. Indeed, subcutaneous injections of CRF increased plasma concentrations of corticosterone to the same levels as did the central injections, without affecting hippocampal ACh release (our unpublished observations). Taken together with reports of prenatal stress-induced increases in the content and release of CRF centrally (i.e., in the amygdala; Cratty et al., 1995) , the observation that CRF-induced ACh release is independent of corticosterone secretion could suggest that prenatal stress may affect the central neurotransmitter role of CRF. Prenatal stress-induced changes could occur, for example, in the concentration or binding capacities of the CRF-binding protein or the CRF receptor(s), as well as in the second messenger systems that mediate this cholinergic effect and that as yet are undefined. This finding also suggests that the stress-induced release of endogenous CRF could affect hippocampal ACh release differently in PS rats than in control rats. Indeed, this theory is supported by the first finding concerning the response to saline injection that was discussed above.
Alteration in CRF-induced hippocampal ACh release is different in the male and female PS offspring. Indeed, the difference in the male rats represents a more rapid increase of hippocampal ACh release in the PS group to the same peak level as the controls. This anticipation of the peak response could be attributed to the augmented ACh release in the PS group after the mild stress of the injection itself (see Fig. 2a ), but it also may involve changes in the disposition or kinetics of CRF after injection, perhaps implicating modifications of the CRF-binding protein.
The effect seen in the females is attributed to a prolonged effect of CRF in the PS group that is present over the third hour after injection. This effect may indicate abnormalities in the mechanisms responsible for returning the systems that are involved to their basal state. Sex differences in the effects of prenatal stress are, indeed, well known in the literature, the female offspring often showing larger changes in adulthood than male offspring both in neuroendocrine (Kinsley et al., 1989; Weinstock et al., 1992; McCormick et al., 1995) and behavioral measures (Fride and Weinstock, 1989; J. Alonso et al., 1991; S. Alonso, 1991) .
An interesting implication of the prenatal stress-induced changes in CRF stimulation of hippocampally projecting cholinergic neurons demonstrated here relates to the suggestion that prenatal stress may represent an animal model of depression (S. Alonso et al., , 1994 . This theory is based on the fact that female PS rats exhibit "behavioral despair" (S. in the forced swimming task (Porsolt et al., 1977 ) that has been proposed as a measure of "depression" and antidepressant efficacy in animal models. In addition, feedback inhibition of HPA axis activity by circulating glucocorticoids is impaired in both depressed patients and PS rats. Elevated amplitudes of cortisol and AC TH secretory episodes, as well as escape from the suppression of cortisol secretion induced by the glucocorticoid receptor agonist dexamethasone, are observed in depressed patients (Arana and Mossman, 1988) ; PS rats similarly escape from the feedback inhibition responsible for returning corticosteroid secretion to basal levels after a challenge-induced increase (Maccari et al., 1995; Barbazanges et al., 1996; Vallée et al., 1997) . Altered circadian rhythms of cortisol /corticosterone secretion also have been reported both in depressed patients (Pfohl et al., 1985) and in PS rats (Koehl et al., 1997) . Finally, elevated CRF levels in the C SF fluid (Nemeroff, 1988) and cholinergic hyperactivity have been found in depressed patients (for review, see Janowsky et al., 1994) , and in the present report we show a cholinergic hypersensitivity of PS rats to a CRF challenge.
In conclusion, all of these data suggest that prenatal stress has long-term effects on the development of forebrain cholinergic systems. Cholinergic hypersensitivity, together with the well known abnormalities of HPA axis observed in PS rats, suggests that PS may represent an interesting animal model of latent or potential depression. Prenatally stressed rats showed a higher ACh response to CRF than control rats over the third hour (inset; *p Ͻ 0.05). This difference was attributable to higher ACh release 190, 210, 220, and 230 min after CRF injection (Dunnett post hoc analysis; *p Ͻ 0.05).
